The importance of bone-morphogenetic proteins in prostate cancer is well recognized. Bone-morphogenetic protein-6 overexpression has been shown to increase the aggressiveness and invasiveness of prostate cancer cells. Recent studies on noggin and sclerostin, potent inhibitors of bone-morphogenetic protein signaling, have found that noggin also modifies the ability of prostate cancer cells to metastasize to bone. Taken together, these results suggest that bone-morphogenetic protein-6 signaling is important in prostate cancer progression. Our study investigated the expression of bone-morphogenetic protein-6, noggin and sclerostin in human prostate specimens (n ¼ 136) by immunohistochemical staining. We found that bone-morphogenetic protein-6 was increased (Po0.001), whereas sclerostin was decreased (P ¼ 0.004) in prostate cancer compared with nodular hyperplasia. In addition, significantly higher level of bone-morphogenetic protein-6 expression was observed in high-grade prostate cancer with Gleason score Z7 (P ¼ 0.027). Bone-morphogenetic protein-6, noggin and sclerostin alone could not predict the development of distant metastasis in our patient cohort. However, high level of bone-morphogenetic protein-6 and low level of noggin, or high level of bonemorphogenetic protein-6 and low level of both noggin and sclerostin expression in primary prostate cancer significantly predicted development of distant metastasis. The predictive value was still valid when only high-grade prostate cancers were included or when patients with secondary lesion other than bone were excluded. Taken together, these results suggest that a high level of bone-morphogenetic protein-6 signaling, resulting from increased expression of bone-morphogenetic protein-6 and decreased expression of its inhibitors, might promote the development of prostate cancer metastases. Our results also imply the potential use of bone-morphogenetic protein-6, noggin and sclerostin expression together as a prognostic predictor for metastatic progression of prostate cancer.
Prostate cancer leads in cancer incidence and is the second leading cause of cancer-related death among American men. 1 Patients with prostate cancer, differ from those with other aggressive cancers in having a relatively high 5-year survival rate. It follows that treatment directed against prostate cancer may not be beneficial in terms of the patients' quality of living. 2 However, once the patients develop clinically undetectable micrometastatic disease, the 5-year survival rate would be greatly reduced. 3 As a result, reliable prognostic markers are required to distinguish indolent from aggressive prostate cancers for proper clinical management of the patients.
Bone-morphogenetic proteins (BMPs) play an important role in metastatic progression in prostate cancer. Among these BMPs, BMP-6 seems to play a central role in promoting prostate cancer metastasized to bone. BMP-6 expression is higher in prostate cancer compared with benign prostate specimens as well as in high-grade compared with low-grade prostate cancers. 4, 5 Its expression is high in primary prostate cancer of patients with metastases, whereas is low or undetectable in nonmetastatic prostate cancer and benign prostate specimens. 1, 5 In addition, BMP-6 is also highly expressed in prostate cancer metastasized to bone. BMP signaling is tightly regulated. One way to control BMPs activity is to express BMPs antagonists, such as noggin and sclerostin. 9 The expression of noggin and sclerostin is regulated by BMPs signaling, 10, 11 forming a feedback loop, which is also observed in prostate cancer cells such that an increased expression of BMP-6 increases noggin expression, 12 whereas decreased expression of BMP-7 decreases noggin expression. 13 In addition, noggin and sclerostin also interact with each other to regulate BMPs activity. 14 Noggin has been shown to modulate the invasiveness and the osteoblastic activity of prostate cancer cells. 7, 15 Overexpression of noggin in prostate cancer cells results in decreased ability of the cells to form osteolytic or osteoblastic lesions in tibias of immunosuppressed mouse. 16, 17 Another study has shown that expression of noggin is an important determinant to decide whether a metastatic lesion is osteoblastic or osteolytic in nature. 18 In contrast, although the function of sclerostin in prostate cancer is still unknown, the mRNA of SOST, which encodes sclerostin, was not detected in several prostate cancer cell lines tested by Schwaninger et al.
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Noggin and sclerostin have both been shown to interact with and inhibit the activity of BMP-6. 7, 19 Taken together, these lines of evidence suggest that BMP-6, noggin and sclerostin might be involved in a complex regulatory mechanism orchestrating the transformation, aggressiveness and bone metastatic ability of prostate cancer. In this study, we examined the expression level of BMP-6, noggin and sclerostin in 136 human prostate specimens by immunohistochemistry and investigated their prognostic significance in our prostate cancer patient cohort (n ¼ 95).
Materials and methods

Patients and Specimens
A total of 152 archival formalin-fixed paraffinembedded prostate specimens were obtained from the Department of Pathology, The University of Hong Kong at Queen Mary Hospital. These specimens were either from transurethral resections (n ¼ 15) or radical prostatectomies (n ¼ 137), and were incorporated into tissue microarray as previously described. 20 The prostate specimens include 41 nodular hyperplasia, 16 prostatic intraepithelial neoplasia and 95 prostate cancer specimens. The prostate cancer specimens were collected consecutively. Specimens from patients with prior treatment against prostate cancer or with insufficient tumor tissue for immunohistochemistry were excluded. Clinical data were retrieved from the computerized database of Queen Mary Hospital with the mean follow-up time of our prostate cancer patients being 23 months (ranged from at the time of diagnosis to 118.7 months). The median age of our cohort is 76 years (ranged from 56 to 94 years). Pretreatment prostate-specific antigen level was available in 71% (67 out of 95) of prostate cancer patients. Metastatic disease was established by clinical features, radiology (including computed tomography), radioisotopic bone scan and histological examination, either alone or in combination (Table 1) .
Immunohistochemical Staining
Immunohistochemical staining was performed as previously described by using EnVision þ system-HRP (Dako). 21 Polyclonal antibodies of BMP-6 (R&D System) and noggin (Abcam), and monoclonal antibody of sclerostin (R&D System) were applied at a concentration of 2.5, 2.5 and 5 mg/ml, respectively, for overnight at 41C.
Evaluation of Immunohistochemical Staining Results
Evaluation was carried out as previously described. 20 Briefly, the extent and intensity of the staining were graded by an arbitrary scale that ranged from 0 to 3 representing negative (0), weak 
Results
BMP-6 was Upregulated While Sclerostin was Downregulated in Prostate Cancer
As shown in Figures 1 and 2a , significantly more prostate cancer specimens had a higher level of Figure 1 Representative results of immunohistochemical staining. High panels show tissue at Â 100 magnification and lower panels show tissue at Â 400 magnification. (a) BMP-6 expression was low in nodular hyperplasia and was higher in prostatic intraepithelial neoplasia and prostate cancer. The expression of BMP-6 was significantly higher in prostate cancer compared with nodular hyperplasia. (b) Noggin expression was very much similar among nodular hyperplasia, prostatic intraepithelial neoplasia and prostate cancer. The differences among the groups were not statistically significant. (c) Sclerostin expression was higher in nodular hyperplasia and prostatic intraepithelial neoplasia and was lower in prostate cancer. The expression of sclerostin was significantly higher in nodular hyperplasia compared with prostate cancer. (d, e) Two cases showing staining with relatively high level of BMP-6 and low levels of both noggin and sclerostin. These two patients developed distant metastasis in bone.
BMP-6 signaling in prostate cancer H-F Yuen et al BMP-6 expression compared with nodular hyperplasia (Po0.001). The results obtained were similar to those of a previous study. 5 They suggest that upregulation of BMP-6 is a common event in prostate cancer. Increased expression of BMP-6 was also observed in prostatic intraepithelial neoplasia compared with nodular hyperplasia specimens, but the difference did not reach statistical significance (P ¼ 0.059). Expression of noggin was not significantly different among these three types of prostate specimens, although a decreased expression of noggin was observed in prostate cancer specimens (Figures 1 and 2b ). Significantly more nodular hyperplasia and prostatic intraepithelial neoplasia specimens had higher levels of sclerostin expression compared with prostate cancer (Figures 1 and 2c; P ¼ 0.004 and 0.032, respectively).
BMP-6 Expression is Upregulated in High-Grade Prostate Cancer
Gleason score has been widely used to indicate the aggressiveness of prostate cancer. 22 We compared the expression levels of BMP-6, noggin and sclerostin between low-grade (Gleason score o7) and high-grade (Gleason score Z7) prostate cancers. As shown in Figure 3 , more than 46% of high-grade cancers expressed high level of BMP-6 but merely 21% low-grade cancers stained the same (P ¼ 0.027). This result was in line with other findings, suggesting that BMP-6 might play a role in prostate cancer progression. 4 In contrast, we did not observe significant different noggin or sclerostin staining between high-and low-grade prostate cancers in our patient cohort. These results suggest that loss of BMPs inhibitors might not be a feature of high-grade prostate cancer.
BMP-6, Noggin and Sclerostin Using Alone could not Predict Development of Distant Metastasis in Prostate Cancer
As shown in Figure 3b , although we observed that more metastatic prostate cancer specimens (42%, 16 out of 38) expressed a high level of BMP-6 compared with non-metastatic specimens (32%, 15 out of 47), the difference in the staining intensity between the two groups was not statistically significant. We also observed that more metastatic prostate cancer specimens (65%, 22 out of 34) had a lower level of sclerostin expression compared with non-metastatic specimens (45%, 19 out of 42). But the difference was again not statistically significant. The expression level of noggin is similar between metastatic and non-metastatic prostate cancer (Figure 3b) . By Kaplan-Meier analysis, BMP-6 (P ¼ 0.152), noggin (P ¼ 0.642) and sclerostin (P ¼ 0.316) could not be used to predict development of distant metastasis in our patient cohort.
Primary Prostate Cancer with High Level of BMP-6 and Low Level of both Noggin and Sclerostin Predicted Development of Distant Metastasis
As noggin and sclerostin have been shown to inhibit BMP-6, 7,19 a high level of noggin or sclerostin might reduce the activity of BMP-6 and also mask the prognostic value of BMP-6 in our patient cohort. Therefore, we went on to analyze whether specimens with high level of BMP-6 and low level of noggin and/or sclerostin could predict development of distant metastasis. As shown in Figure 3c , significantly more metastatic prostate cancer specimens had a high level of BMP-6 and low level of noggin (24%, 9 out of 37) compared with nonmetastatic specimens (P ¼ 0.042, 7.5%, 3 out of 37). In addition, we also observed significantly more metastatic prostate cancer specimens had a high level of BMP-6 and low level of both noggin and sclerostin (27%, 8 out of 30) compared with nonmetastatic specimens (P ¼ 0.047, 8.3%, 3 out of 36). By Kaplan-Meier analysis, we found that primary prostate cancer specimens expressing high level of BMP-6 and low level of noggin significantly predicted development of distant metastasis (Figure 4a , P ¼ 0.021). Patients with primary prostate cancer, which stained high level of BMP-6 and low level of noggin, had an estimated median time for development of distant metastasis of only 9 months with 95% confidence interval of 0-18 months, whereas patients with other staining patterns had a median ) As BMP-6 activity has been shown to promote prostate cancer metastasized to bone, we analyzed its effect on the timing for development of bony metastasis in prostate cancer. We found that high activity of BMP-6 in the primary prostate cancer infers a risk to earlier development of bone metastasis in our patient cohort. primary prostate cancer, which stained high level of BMP-6 and low level of both noggin and sclerostin, had an estimated median time for development of distant metastasis of only 9 months with 95% confidence interval of 2-16 months, whereas patients with other staining patterns had a median of 53 months with 95% confidence interval of 21-85 months.
Gleason score is a well-defined prognostic marker for prostate cancer. As shown in Figure 4c , by Kaplan-Meier analysis, we found that patients with high-grade tumor (Gleason score Z7) are more likely to develop distant metastasis (P ¼ 0.001). To investigate whether increased BMP-6 activity could be of prognostic value in prostate cancer additional to Gleason score, we performed Kaplan-Meier analysis in a subgroup of patients who had primary prostate cancer of high Gleason scores (Z7). We found that BMP-6 activation had a predictive value for the development of distant metastasis in this subgroup (Figure 4d and e). We found that patients with primary prostate cancer expressing high level of BMP-6 and low level of noggin are more likely to develop distant metastasis (P ¼ 0.043), whereas patients with primary prostate cancer expressing high level of BMP-6 and low levels of both noggin and sclerostin are also more likely to develop distant metastasis (P ¼ 0.029).
In our patient cohort, 88% of the metastatic prostate cancer patients had their secondary lesion in bone. Because BMP-6 activity has been suggested to correlate with the ability of the prostate cancer to establish bone metastasis, 6, 7, 12 we therefore analyzed our patient cohort, excluding those metastatic patients with their secondary lesion developed other than in bone, on whether increased BMP-6 activity could predict development of metastasis to bone. We found that, by Kaplan-Meier analysis, patients with primary prostate cancer expressing high level of BMP-6 and low level of noggin had a higher chance for the development of bone metastasis (Figure 4f , P ¼ 0.032), whereas patients with primary prostate cancer expressing high level of BMP-6 and low level of both noggin and sclerostin also had a higher chance for the development of bone metastasis (Figure 4g , P ¼ 0.028).
Discussion
BMP-6 is overexpressed in prostate cancer, especially in patients with skeletal metastases. 5 The roles of BMP-6 in prostate cancer progression have been described as to increase the aggressiveness and bone metastatic ability of the prostate cancer cells. 7, 8, 12 In this study, we obtained a similar result that BMP-6 was upregulated in prostate cancer compared with nodular hyperplasia (Po0.001) and in high-grade compared with low-grade prostate cancers (P ¼ 0.027). These results further suggest the importance of BMP-6 in prostate cancer progression.
Noggin has been shown to modify BMP signaling in prostate cancer. 17, 18 Addition of noggin also results in decreased activity of BMP-6 signaling. 12 However, prior to our study, the difference in the expression of noggin between different human prostate specimens has not been investigated. Sclerostin, another inhibitor of BMPs, has also been shown to have high affinity for and inhibit BMP-6. 19 However, its function and expression in prostate cancer are largely unknown. In this study, we found that expression of sclerostin was significantly reduced in prostate cancer compared with nodular hyperplasia specimens (P ¼ 0.004), suggesting a negative role of sclerostin in prostate carcinogenesis.
Inhibitors of BMPs, such as noggin and sclerostin, have been shown to be upregulated by increased BMPs signaling. 11, 12 This negative feedback regulatory mechanism might function to tightly control the extent of BMPs signaling. BMP-6 has been shown to upregulate both noggin and sclerostin, 11, 12 whereas its activity is inhibited by noggin and sclerostin. 7, 19 These results suggest that the activity of BMP-6 is regulated by this negative feedback loop. BMP-6 is important in prostate cancer carcinogenesis and progression, an upregulation of BMP-6 might not be enough to trigger the onset of these events if its upregulation is coupled by increased expression of its inhibitors, noggin or sclerostin. We speculated that the upregulation of BMP-6 and the uncoupling of this negative feedback loop might be important for the development of more aggressive phenotype of prostate cancer. In the present study, we found that the expression of BMP-6, noggin and sclerostin, used in isolation was not able to predict the development of distant metastasis in our patient cohort. However, we found that patients with primary prostate cancer expressing high level of BMP-6 and low level of noggin, or high level of BMP-6 and low level of noggin and sclerostin were at a higher risk for the development of distant metastasis. These results suggest that a measure of the activity of BMP-6 may be a prognostic marker for metastatic progression of prostate cancer.
Furthermore, we speculated that the use of BMPs activity as a prognostic marker might also apply to cancers other than that of prostate. BMP-6 has been shown to be upregulated in esophageal squamous cell carcinoma and correlate with patient survival. 23 In another study, we found that although expression of BMP-6, noggin and sclerostin individually was not of prognostic value in an esophageal squamous cell carcinoma patient cohort, when used in combination, increased BMP-6 activity in primary esophageal squamous cell carcinoma was significantly associated with poor prognosis in the same patient cohort (Yuen HF et al, manuscript in preparation).
On the basis of our studies, we believe that the expression of BMP inhibitors should always be studied along with BMPs to reveal the true significance of expression of BMPs in cancers. Overexpression of BMPs has been described in other cancer types, such as osteosarcoma, 24 breast cancer, 25, 26 pancreatic cancer 27 and malignant melanoma. 28 The expression of BMPs has been shown not to confer prognostic value in predicting the outcome of patients with osteosarcoma. 24 Further studies of BMP activity using a similar approach to ours might make clear the prognostic significance of BMP activity in other cancers.
In summary, we found that increased BMP-6 activity, denoted by high-level expression of BMP-6 and low-level expression of its inhibitors noggin and sclerostin, could be a useful prognostic marker for prostate cancer to predict development of distant metastasis.
